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Abst rac t - -The  construction ofa flame dictionary of flame speeds and preheat thicknesses for a 
given reaction will be discussed. Once the entries of the dictionary have been established, they can 
be accessed by researchers and programmers to be used in different combustion applications, An 
application of the flame dictionary for turbulent combustion i a circular cylinder is given. 
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1. CONSTRUCTION OF A FLAME DICT IONARY 
Chemical reactions are often expressed in terms of a single global equation. For example, a 
methane and oxygen reaction may be written in the following way: 
CH4 + 202 --* CO2 + 2H20. (1) 
In reality, this is only a model equation. Many basic elementary reactions and many chemical 
species are involved in the process. To accurately compute the combustion properties of such a 
complicated system, one needs a grid that can accurately represent the variation in temperature 
and species in the computational domain. This becomes prohibitively expensive. 
In this paper, we treat the combustion process as a small entity in a vast nonreacting flow field. 
For a given chemical reaction, a flame dictionary is constructed in advance. This flame dictionary 
contains flame speeds and preheat hicknesses. These two pieces of information describe the 
combustion process's steady-state physical and chemical structure. The flame dictionary provides 
the link between the large scale hydrodynamics alculations and the small scale chemical reaction. 
Each entry in the dictionary is the result of a one-dimensional calculation on a very fine grid. 
One may encounter difficulties when solving the one-dimensional problems, but once the flame 
dictionary is constructed for a given set of reactions, only its entries will be referred to; the 
Typeset by A~oTEX 
111 
112 M.E. CALZADA AND Y. SONG 
calculations need not and should not be repeated. This dictionary approach was first introduced 
by Sod; in principle, the ideas are similar to those found in [1]. 
As an example, consider the following set of model equations, which contain the essential 
features of the physical and chemical structure of nonsteady, laminar, premixed flames: 
pcpOiT = )~O~T - pA MI (2) 
0 = -Kq ,  (3) 
where 
o, ~<To, 
K= Ko, T > To, (4) 
and c) - ~ .  In these equations, p denotes the density, Cp denotes the specific heat at constant 
pressure, ,k denotes the coefficient of thermal conductivity, A h denotes the heat of reaction, and 
K denotes the reaction rate. All of these parameters are assumed to be constant. ~b denotes 
temperature; q denotes the progress parameter, 0 < q < 1, where q -- 1 at the beginning of the 
reaction, and q -- 0 at the end of the reaction. ~ denotes the time at which the fluid particle 
attains the temperature ~bo, the ignition temperature, the minimum temperature at which the 
reaction occurs. For more information on the mathematical formulation, see [2,3]. 
By introducing the following change of variables 
- c---p' ATo' To -  ATo' 
where L is a characteristic length scale, and 5" = .k/pcp, we are able to write equations (2)-(4) in 
nondimensional form. The new equations are: 
OfT = 02T + ND,~q, (5) 
= --ND~q, (6) 
where 
NDa -~ { O, T <_To, 
ND~o, T > To, (7) 
and ~) = ~.  The term gDa = KL2/5 " is called the DamkShler number. 
To construct he flame dictionary, one may solve these equations under conditions which are 
typical of hydrocarbon-air combustion: A~bo = 2000°K, ~ = 1.5cm2/sec, L = lcm,  Ko = 
9.2103 × 104 sec -1, NDoo = 6.1402 x 104, To = 0.5, with boundary conditions OxT = 0 at x = 0 
and T -- T~ at x = +oo, where T~ is the temperature of the unburnt fuel. At t < 0, T -- Tu, 
for all x. At t = 0, we let T = To at x = 0. This causes the reaction to start. The reaction 
propagates. Eventually, a steady state is attained. When this happens, one is able to calculate 
the reaction flame speed, and the reaction preheat hickness. The flame speed is the steady-state 
speed with which the reaction propagates as a wave. The preheat hickness is the steady-state 
distance it takes for the temperature to rise from T~, the unburnt emperature to To, the ignition 
temperature (see Figure 1). 
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Figure 1. Illustration of the construction of a flame dictionary. 
Numerically, one may use a number of different echniques to solve these equations. 
example, using operator splitting, one can write equation (5) as 
For 
OtT = 2O2zT, (8) 
OtT= 2NDoq. (9) 
One may solve (8) using the Crank-Nickolson method (see [4]) and (9) using the Gear Package 
(see [5]), since the; reaction process is stiff. Care must be taken to assure that the proper balance 
is attained between the diffusion part, equation (8), and the reaction part, equation (9). To 
guarantee this, the mesh spacings must be very fine. We solve equations (8) and (9) for different 
values of T~. In each case, we approximate the flame speed and the preheat hickness and store 
those values in a flame dictionary. 
2. APPL ICAT ION IN  FLAME 
ADVECTION AND PROPAGATION 
We applied the flame dictionary method to simulate a flame propagating around a circular 
cylinder. The combustion in the problem was governed by the following temperature equation: 
0, r  + (3  T : T + (10) 
where T is the temperature and f~ is a reaction term. The velocity field g in the advection term 
of (10) comes from the Navier-Stokes equations: 
Otg + (g. ~)  ~ = Re_l A 3 VP  
p (11) 
div (3) - 0, 
where the Reynolds number Re is chosen to be greater than 5000 to observe turbulent effects. 
We solved equations (11), for 3 in an indirect way by using the vorticity form of the Navier- 
Stokes equations 
0t~ "~- (3" V)  ~ = Re -1A~,  
(12) 
div (3) = 0, 
and a hybrid vortex method. The vortex methods are Lagrangian methods best suited for flows 
with large Reynolds numbers. They were introduced in the early 1970's by Chorin and have been 
used successfully in many applications (see [6,7]). 
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The temperature equation (10) was solved by using operator splitting. The advection part 
of this equation was solved using a random choice method (see [8-10]). The diffusion part of 
equation (10) was solved using the Crank-Nickolson method. The reaction part of equation (10) 
was solved by coupling the Simple Line Interface Calculation (SLIC) described in [11,12] with 
a flame dictionary. SLIC is an algorithm that performs rigid body translations. SLIC models 
the advection process by reconstructing the flame front and moving it in a direction normal to 
itself, using the velocity field from the vortex method. SLIC mimics the reaction process by 
reconstructing the flame front and moving it in a direction normal to itself with a flame speed 
that comes from the flame dictionary. The flame dictionary is coupled with the SLIC algorithm by 
keeping track of the unburnt emperature in a given cell and its corresponding preheat hickness. 
The results shown in Figure 2, present he burning around a hot circular cylinder at burning 
times t --- 1.8, t -- 2.25, t -- 2.7, and t -- 3.15, respectively. These pictures illustrate the effects 
of turbulence in the burning process. The wrinkling of the flame front causes more unburnt fluid 
to heat up, and hence, to burn more rapidly. The qualitative agreement between the numerical 
simulation and the experimental observations i quite good [13]. The model also compares favor- 
ably with other numerical methods [10]. The quantitative modeling of the stochastic ombustion 
parameters are left for a future study. 
It should be mentioned that the flame dictionary could, in principle, be coupled to the fluid 
flow through other methods. For example, SLIC could be replaced by a front tracking algorithm 
like the one described in [14]. 
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Figure 2. Flame front location at times t ---- 1.8, t --= 2.25, t = 2.7, and t --- 3.15. 
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